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In  this  work,  poly(methyl  methacrylate)  (PMMA),  a  non-surfactant  polymer  was  used  to  synthesize  non- 
stoichiometric  Lio^Nio^Mni^O^  (0  <  8  <  0.25)  spinels.  The  presence  of  the  polymer  was  found  to  be 
beneficial  with  a  view  to  facilitating  the  use  of  the  spinel  in  electrodes  for  lithium  batteries.  Thus,  PMMA 
allowed  spinel  particles  of  a  high  crystallinity  and  uniform  size  and  shape  to  be  obtained,  and  particle 
size  to  be  tailored  by  using  an  appropriate  calcining  temperature  and  time.  By  controlling  these  variables, 
spinels  in  nanometric,  submicrometric  and  micrometric  particle  sizes  were  prepared  and  characterized 
by  chemical  analysis,  X-ray  diffraction,  electron  microscopy,  thermogravimetry  and  nitrogen  adsorptions 
measurements.  The  spinels  were  obtained  as  highly  crystalline  phases  with  lithium  and  oxygen  deficiency 
and  some  cation  disorder  as  revealed  by  chemical  analysis,  thermogravimetric  and  XRD  data.  Their  elec¬ 
trochemical  performance  in  two-electrode  cells  was  tested  at  room  temperature  and  50  °C  over  a  wide 
range  of  charge/discharge  rates  (from  C/4  to  4C).  Cell  performance  was  found  to  depend  on  particle  size 
rather  than  on  structural  properties.  Thus,  the  spinel  best  performing  at  50  °C  was  that  consisting  of  sub¬ 
micrometric  particles,  which  delivered  a  high  capacity  and  exhibited  the  best  capacity  retention  and  rate 
capability.  Particles  of  submicronic  size  share  the  advantages  of  nanometric  particles  (viz.  the  ability  to 
withstand  high  charge/discharge  rates)  and  micrometric  particles  (a  high  capacity  and  stability  at  low 
rates). 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  study  of  inorganic  materials  amenable  to  use  as  electrodes 
in  lithium  batteries  is  by  now  a  consolidated  research  area  by 
virtue  of  the  technological  significance  of  these  electrochemical 
storage  energy  devices  [1,2].  The  underlying  electrochemical  reac¬ 
tion  is  mainly  governed  by  the  electrode/electrolyte  interface,  so 
accurately  controlling  particle  surface  properties  is  essential  with 
a  view  to  ensuring  good  cell  performance.  Polymer-assisted  syn¬ 
thesis  is  a  novel  method  for  tailoring  particle  shape  and  size  in 
transition  metal  oxides  [3-5],  many  of  which  are  used  as  electrode 
materials  in  lithium  cells.  In  this  context,  we  recently  reported  the 
use  of  a  surfactant  polymer,  polyethylene  glycol-400,  in  the  syn¬ 
thesis  of  LiNio.5Mn1.5O4  spinel  [6],  which  is  the  most  attractive 
choice  for  a  new  generation  of  lithium-ion  batteries  with  higher 
voltages  than  those  based  on  LiCo02  system  currently  available 
[7].  The  material  was  obtained  as  highly  crystalline  nanoparticles 
exhibiting  very  good  performance  upon  cycling  at  ambient  temper¬ 
ature  over  a  wide  range  of  charge/discharge  rates  (from  C/4  to  15C). 
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At  higher  temperatures,  which  may  be  common  working  condi¬ 
tions  in  future  applications  such  as  hybrid  vehicles,  however,  their 
performance  was  only  acceptable  at  high  charge/discharge  rates. 
This  may  be  a  result  of  side  reactions  related  with  the  electrolyte 
decomposition  [8]  (e.g.  LiPF6 +  H20^  POF3 +  LiF  +  2HF)  detracting 
from  performance  under  these  conditions.  The  LiMn204  spinel  has 
been  found  to  be  especially  sensitive  to  this  reaction  [9],  since 
the  HF  released  may  attack  Mn3+  sites  and  cause  its  partial  dis¬ 
solution,  thereby  impairing  cell  performance.  Although  the  spinel 
LiNi0.5Mn15O4  formally  lacks  Mn3+,  the  presence  of  some  Ni3+,  as 
revealed  by  XPS  [10,11  ]  may  invalidate  this  stoichiometric  assump¬ 
tion  and  account  for  its  vulnerability  to  attack  by  the  electrolyte 
decomposition  products. 

At  high  rates,  where  the  electrode/electrolyte  contact  time  is 
short,  the  decomposition  reaction  occurs  to  a  negligible  extent  and 
the  cell  retains  its  good  performance.  At  low  rates,  the  conditions 
are  reversed  and  the  decomposition  reaction  is  quite  favorable,  as 
revealed  by  cyclic  voltammetric  data  [12].  Thus,  nanometric  spinel 
particles  can  be  partially  dissolved  by  HF  released  in  the  reaction 
and  the  lithium  insertion/extraction  process  be  deteriorated.  One 
widely  used  method  to  circumvent  this  shortcoming  involves  coat¬ 
ing  the  active  particles  with  a  material  easily  reacting  with  HF  such 
as  ZnO  [13].  This  remedy  proved  effective  -  a  LiNio.5Mn1.5O4  spinel 
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Fig.  1.  XRD  patterns  for  (a)  the  precursor  calcined  at  400  °C,  (b)  S-800-5  and  (c) 
S-900-48. 

prepared  as  micrometric  particles  exhibited  substantially  improved 
cyclability  when  coated  with  nanosized  ZnO  -  but  measurements 
were  performed  at  a  low  rate  (C/3).  The  coating  methodology,  how¬ 
ever,  deteriorates  the  surface  of  the  active  particles  as  the  coating 
is  carried  out  in  a  liquid  suspension.  This  can  raise  the  surface 
impedance  and  degrade  the  rate  capability  of  the  material  as  a 
result.  This  was  experimentally  confirmed  by  Chen  and  Dahn  [14] 
in  A1203 -coated  LiCo02.  In  order  to  avoid  this  problem,  we  used 
an  alternative  method  involving  deposition  of  the  coater  from  a  gas 
phase  [15].  The  coater  was  a  layer  of  gold,  a  noble  metal  which  is  sta¬ 
ble  towards  reactive  compounds  such  as  HF  and  should  therefore 
protect  particles  against  the  dissolving  activity  of  the  electrolyte 
while  raising  the  electronic  conductivity  of  the  electrode.  However, 
even  this  clean,  soft  method  failed  to  improve  cell  performance 
at  high  rates  because  the  coating  layer  formed  a  barrier  that  was 
difficult  to  cross  by  the  lithium  ions. 


In  this  work,  we  developed  an  alternative  method  for  improv¬ 
ing  the  rate  capability  based  on  accurate  control  of  particle  size 
(in  between  nanometric  and  micrometric  size)  since  a  small  parti¬ 
cle  size  affords  high  charge  discharge  rates  (above  1C),  whereas 
a  large  size  results  good  performance  at  lower  rates.  An  appro¬ 
priate  selection  of  the  synthesis  method  is  crucial  with  a  view  to 
succeeding  here.  As  stated  above,  the  use  of  polymers  is  now  a  com¬ 
mon  choice  for  controlling  particle  growth.  In  fact,  polymers  can 
encapsulate  particles,  growth  of  which  is  governed  by  the  heating 
temperature  and  time.  Poly( methyl  methacrylate),  PMMA  [16,17], 
yielded  the  best  results  among  the  polymers  studied.  Grinding  the 
precursors  prior  to  removing  the  polymer  by  thermal  decomposi¬ 
tion  was  found  to  provide  more  homogeneous  materials.  By  using  a 
controlled  heating  temperature  and  time,  highly  pure  Li-Ni-Mn-0 
spinel  with  average  particle  size  ranging  from  40  nm  to  5  p,m  was 
obtained  the  electrochemical  properties  of  which  in  lithium  cells  at 
50  °C  were  quite  good  over  a  wide  range  of  charge/discharge  rates 
provided  the  particles  were  submicronic  in  size. 

One  advantage  of  the  spinel  structure  is  the  three  dimen¬ 
sional  network  of  holes  available  for  ion  mobility.  The  mechanism 
proposed  for  ion  displacement  in  such  a  network  involves 
traveling  through  a  8a 16c ->  8a ->  16c ->  diffusion  path  [18]. 
Therefore,  the  presence  of  vacancies  at  8a  positions  may 
be  beneficial  with  a  view  to  improving  the  kinetics  of  Li 
extraction  and  insertion.  We  considered  this  factor  in  the 
synthesis  of  the  spinels,  which  were  thus  prepared  with  a 
slight  Li  deficiency.  Nonstoichiometric  Li-Mn-O-based  spinels 
have  been  found  to  exhibit  capacity  retention  at  elevated 
temperatures  [19]. 

2.  Experimental 

Samples  were  obtained  from  mixtures  of  MnAc2-4H20, 
NiAc2-4H20  and  LiAcl/3H20  (Ac  =  CH3-COC>-)  in  1 :0.5:0.85 mol 
proportion  with  H2C204-2H20  [20].  In  a  typical  synthetic  run,  5  g  of 


Fig.  2.  (a  and  b)  TEM  images  of  spinel  S-800-0  and  (c)  TEM  image  of  the  precursor  heated  at  400  °C. 


Fig.  3.  SEM  images  of  spinels  (a)  S-800-5,  (b)  S-800-24  and  (c)  S-900-48. 
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Fig.  4.  Particle  size  distribution  histogram  obtained  from  the  TEM  and  SEM  images  for  samples  (a)  S-800-0,  (b)  S-800-5,  (c)  S-800-24  and  (d)  S-900-48. 


mixed  precursor  and  2.5  g  of  oxalic  acid  were  ground  to  a  homoge¬ 
neous  mixture  in  a  planetary  Restach  ball  mill  at  60  rpm  for  3  min, 
using  agate  balls  and  an  agate  jar.  In  a  second  step,  2.5  g  of  PMMA 
was  added  and  grinding  continued  for  another  60  min  to  ensure 
thorough  mixing  of  the  chemicals  and  polymer.  The  product  thus 
obtained  was  a  green  solid  which  was  calcined  at  400  °C  for  12  h 
and  then  up  to  800  °C  at  a  heating  rate  of  15  °C  min-1 ,  followed  by 
switching  off  the  furnace  to  obtain  the  spinel.  The  resulting  sample 
was  named  S-800-0  and  used  to  prepare  the  other  samples  simply 
by  calcining  again  at  800  °C  for  5  (sample  S-800-5)  or  24  h  (sample 
S-800-24).  One  other  sample  (S-900-48)  was  prepared  by  raising 
the  temperature  at  900  °C  and  heating  for  48  h.  The  chemical  com¬ 
position  was  determined  by  induced  couple  plasma  analysis  on  a 
Fisons  ARL-3410  instrument. 

XRD  patterns  were  recorded  on  a  Siemens  D5000  X-ray  diffrac¬ 
tometer  using  non-monochromated  Cu  Ka  radiation  and  a  graphite 
monochromator  for  the  diffracted  beam.  The  scanning  conditions 
for  structural  refinement  were  15-90°  (20),  a  0.03°  step  size  and 
12  s  per  step.  Transmission  electron  microscopy  (TEM)  images  were 
obtained  with  a  Phillips  TEM  instrument  operating  at  100  keV  and 
SEM  images  with  a  Jeol  6400  scanning  electron  microscope.  Spe¬ 
cific  surface  areas  were  determined  with  a  Micromeritics  ASAP  2010 
instrument  using  N2  gas  as  adsorbate. 

Electrochemical  measurements  were  made  on  CR2032  coin¬ 
type  cells  supplied  by  Hohsen.  Lithium  metal  (supplied  by  Strem) 
was  used  as  anode  and  isolated  from  the  cathode  by  means  of 
a  porous  propylene  film.  The  electrolyte,  supplied  by  Merck,  was 
1  M  anhydrous  LiPF6  in  a  1:1  mixture  of  ethylene  carbonate  and 
dimethyl  carbonate.  Cells  were  assembled  in  an  M-Braun  glove-box. 
Step  potential  electrochemical  spectroscopy  (SPES)  curves  were 
recorded  at  1.25  mV/20  s  per  step.  Galvanostatic  tests  were  con¬ 
ducted  under  different  charge/discharge  regimes  (from  C/4  to  8C,  C 
representing  1  Li+  ion  exchanged  in  1  h,  equivalent  to  148  mAg-1 ). 
Both  types  of  electrochemical  measurements  were  controlled  via  a 
MacPile  II  potentiostat-galvanostat.  All  measurements  were  made 


at  least  in  duplicate  in  order  to  ensure  reliability  in  the  electro¬ 
chemical  tests. 

3.  Results  and  discussion 

3.1.  Structural  and  morphological  properties 

On  heating,  the  polymer  was  lost  at  quite  low  temperatures 
(below  400 °C).  However,  although  all  lines  in  the  XRD  pattern, 
Fig.  la,  obtained  at  400 °C  were  fitted  to  the  spinel  structure,  they 
were  weak  and  broad,  which  is  suggestive  of  a  low  crystallinity 
and  hence  of  poor  electrochemical  performance  [21].  In  order 
to  improve  crystallinity,  the  calcining  temperature  was  raised  to 
800  °C.  Under  these  conditions,  reflection  peaks  were  stronger  and 
sharper,  a  sign  of  improved  crystallinity.  No  impurities  such  as  NiO 
and/or  Li*NiO,  which  are  frequently  reported  in  the  synthesis  of 
this  compound  [22],  were  found;  therefore,  the  proposed  synthetic 
method  yields  a  highly  pure  spinel.  A  preliminary  inspection  of  the 
XRD  patterns  revealed  an  increase  in  unit  cell  dimension  on  pro¬ 
longed  heating  and  the  presence  of  a  weak  peak  at  31°  20  which 
was  assigned  to  the  (2  2  0)  reflection  the  presence  of  which  sug¬ 
gests  some  contribution  from  the  inverse  spinel-type  structure  as 
discussed  below.  The  unit  cell  value  found  for  the  S-800-0  sample 
is  somewhat  higher  than  those  usually  reported  for  stoichiometric 
LiNio.5Mn1.5O4  [23,24].  However,  values  similar  to  ours  have  also 
been  reported  [25,26].  On  the  other  hand,  the  unusual  values  (viz. 
8.220,  8.228  and  8.251  A  for  the  S-800-5,  S-800-24  and  S-900-48 
spinels,  respectively)  may  be  due  to  an  increased  Mn3+  content  the 
ionic  radius  of  which  is  bigger  than  that  of  Mn4+.  If  such  is  the  case, 
then  some  oxygen  must  be  released  during  the  calcining  process 
[27], 

LiNio.sMni  5O4  =>•  LiNig.sMni  504_($ +  <5/202  (1) 

and  electroneutrality  in  the  structure  maintained  as  a  result.  In 
order  to  confirm  this  assumption,  sample  S-800-0  was  calcined  at 
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Fig.  6.  Charge/discharge  curves  recorded  at  25  °C  at  C/4  for  samples  (a)  S-800-0,  (b)  S-800-5  and  (c)  S-900-48.  The  number  of  the  cycles  is  shown. 


Table  1 

Formula,  cation  distribution,  Rwp,  lattice  parameters,  specific  surface  area  (m2  g-1 )  and  crystallite  size  of  the  Li-Ni-Mn-0  spinels 


800  °C  for  5  and  24  h  and  at  900  for  48  h,  and  the  resulting  weight 
losses  measured.  The  loss  was  1.30, 1.32  and  2.50%  for  the  first,  sec¬ 
ond  and  third  calcination,  respectively.  Therefore,  prolonging  the 
heating  time  at  800  °C  from  5  to  24  h  has  little  effect. 

The  results  of  the  chemical  analysis  are  shown  in  Table  1 .  Sample 
S-800-24  has  been  excluded  owing  to  its  similarity  to  S-800-5.  The 
Mn/Ni  ratios  obtained  were  somewhat  lower  than  the  stoichiomet¬ 
ric  value  of  3;  however,  the  main  difference  from  the  stoichiometric 
spinel  was  that  in  the  lithium  content,  which  was  ca.  0.82  atoms  per 
formula.  Also,  a  slight  oxygen  deficiency  was  observed  in  samples 
S-800-5  and  S-900-48.  These  results  are  consistent  with  the  trend 
in  the  oxygen  content  as  derived  from  the  weight  loss  data:  the 
amount  of  oxygen  released  increased  as  the  heating  temperature 
was  raised.  However,  the  oxygen  content  found  by  chemical  analy¬ 
sis  was  somewhat  higher.  The  formulae  obtained  from  the  weight 
loss  data  and  the  metal  contents  obtained  from  the  ICP  analysis  are 
also  shown  in  Table  1. 

Concerning  cation  distribution,  the  XRD  patterns  were  subjected 
to  Rietveld  refinement  by  using  the  GSAS  software  [28].  As  no  peaks 


assignable  to  transition  metal  ordering  were  detected,  data  were 
fitted  in  the  Fd3m  space  group.  The  most  salient  finding  was  a 
small  fraction  of  transition  metal  ions  occupying  tetrahedral  8a 
sites,  which  is  consistent  with  the  presence  of  the  (2  2  0)  reflec¬ 
tion  as  a  weak  peak.  Based  on  the  crystal  field  model,  Ni2+  ions 
have  a  strong  tendency  to  occupy  octahedral  positions  ( 16d);  there¬ 
fore,  Mn  was  forced  to  occupy  tetrahedral  positions  (8a).  One  other 
interesting  result  was  the  evolution  of  the  fraction  of  inverse  spinel 
with  heating.  Thus,  its  content  increased  with  increase  in  oxygen 
release  and  the  Mn3+  content.  On  the  other  hand,  the  fitted  curves 
were  consistent  with  the  presence  of  a  slight  oxygen  deficiency  in 
the  spinel  structural  framework.  Moreover,  the  cation  deficiency 
tended  to  be  canceled  by  the  release  of  oxygen.  The  large  unit  cell 
values  obtained  for  our  spinels  relative  to  the  spinel  of  nominal 
composition  LiNio.5Mn1.5O4  must  have  been  a  result  of  both  the 
cation  disorder  and  nonstoichiometry. 

Fig.  2  shows  TEM  images  of  sample  S-800-0;  as  can  be  seen,  it 
consisted  of  particles  rather  uniform  in  size  (average  size  ca.  60  nm) 
and  exhibited  the  typical  polyhedral  shape  of  the  spinel,  which 


Number  of  cycles 


Fig.  7.  Variation  of  specific  capacity  as  a  function  of  the  number  of  cycles.  Galvanostatic  tests  conducted  at  25  °C.  (a)  S-800-0,  (b)  S-800-5  and  (c)  S-900-48.  Rate:  C/4  (black 
square);  2C  (red  circle);  and  4C  (blue  triangle).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 
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reflects  a  high  crystallinity.  This  is  confirmed  by  the  image  of  Fig.  2b, 
which  was  obtained  at  higher  magnification.  Fringes  ca.  0.45  nm 
wide  corresponding  to  the  orientation  of  ( 1 1 1 )  atomic  planes  were 
well-ordered  and  aligned,  and  consistent  with  a  low  content  in 
defects.  An  image  of  a  particle  heated  at  400  °C  obtained  at  the 
same  magnification  is  shown  in  Fig.  2c  for  comparison.  As  stated 
above,  the  XRD  pattern  for  this  sample  revealed  a  low  crystallinity, 
consistent  with  increased  disorder  in  the  fringes  and  the  presence 
of  defects  in  such  planes.  Others  authors  [29]  have  obtained  nano¬ 
metric  samples  by  using  the  polymer  in  various  ways.  The  polymer 
creates  a  capping  effect  where  the  attractive  Van  der  Waals  forces 
between  growing  particles  are  suppressed,  thereby  limiting  par¬ 
ticle  size.  On  heating  at  800  °C  for  5h  (sample  S-800-5)  particles 
increased  in  size;  the  SEM  images  of  Fig.  3  are  more  illustrative 
of  their  overall  morphology.  As  can  be  seen,  the  particles  retained 
their  polyhedral  shape  and  well-defined  faces,  and  increased  in  size 
by  0.5-1  |jim.  Prolonged  heating  (24  h)  hardly  affected  particle  size 
(Fig.  3b).  Thus,  obtaining  larger  particles  entailed  raising  the  heat¬ 
ing  temperature.  Sample  S-900-48,  which  was  calcined  at  900  °C 
for  48  h,  consisted  of  micrometric  particles  around  5  p,m  in  size 
(Fig.  3c).  The  specific  surface  areas  obtained  are  listed  in  Table  1. 
As  can  be  seen,  they  ranged  from  8  to  1  m2  g-1  and  were  consistent 
with  the  electron  microscopy  images  (SBet  increased  with  decreas¬ 
ing  particle  size).  The  size  distribution  histograms  obtained  from 
the  TEM  and  SEM  images  are  shown  in  Fig.  4.  Most  particles  in  sam¬ 
ple  S-800-0  had  sizes  from  40  to  70  nm,  which  fall  in  the  nanometric 
range.  Pleating  the  spinel  at  800  °C  for  5  or  24  h  resulted  in  more 
than  80%  of  particles  having  a  size  of  0.5-1  p,m  (i.e.  in  the  submicro 
range).  Sizes  increased  to  3-6  p,m  upon  heating  at  900  °C  for  48  h. 
Crystallite  size  calculated  from  the  Scherrer  equation  applied  to  the 
highest  intensity  XRD  peak,  Table  1 ,  is  consistent  with  the  particle 
size  obtained  from  electron  microscopy  images.  Particles  of  sample 
S-900-48  are  too  big,  line  width  too  small  and  similar  to  instru¬ 
mental  broadening  [30].  This  introduces  a  significant  error  in  the 
crystallite  size  values  and  the  equation  is  unsuitable.  In  summary, 
by  using  an  appropriate  heating  temperature  and  time,  particles 
from  nanometric  to  micrometric  in  size  can  be  accurately  obtained. 
The  presence  of  the  polymer  increases  the  likelihood  of  obtaining 
a  rather  uniform  particle  size  distribution  in  the  nano-,  submicro- 
and  micro  ranges. 

3.2.  Electrochemical  characterization 

The  electrochemical  response  of  the  spinels  was  initially  mon¬ 
itored  by  step  potential  electrochemical  spectroscopy.  Taking  into 
account  the  similarity  of  S-800-5  and  S-800-24  both  in  compo¬ 
sition,  cation  distribution  and  particle  size,  we  will  describe  the 
electrochemical  properties  of  both  samples  in  terms  of  the  first. 
Fig.  5  shows  the  SPES  curves  for  the  three  samples  studied.  As 
can  be  seen,  the  shape  of  curves  for  sample  S-800-0  is  consistent 
with  a  LiNio.5Mn1.5O4  spinel.  The  anodic  scan  exhibits  two  regions 
of  electrochemical  activity  over  the  ranges  3.9-4.4  and  4.5-5.0V, 
respectively.  The  main  activity  occurs  in  the  4.7-5.0V  region,  the 
double  peak  in  which  is  associated  to  the  Ni2+  -*  Ni4+  process  [31  ] 
(reportedly  a  cubic/cubic  two-phase  reaction  [32  ] ).  The  weak,  broad 
peak  at  4.1  V  is  related  to  the  Mn3+/Mn4+  redox  couple.  This  sug¬ 
gests  the  presence  of  a  small  amount  of  Mn3+  the  origin  of  which 
was  assigned  to  NiO-based  impurities  [22].  Judging  by  their  XRD 
patterns  (see  Fig.  1),  our  spinels  seem  to  be  free  of  impurities. 
One  other  plausible  origin  is  the  presence  of  some  nickel  ions  as 
Ni3+,  as  previously  found  by  XPS  [10,11].  On  discharging  the  cell, 
the  curve  retains  its  features,  but  the  peaks  are  shifted  to  some¬ 
what  lower  potentials.  Although  the  other  two  spinels  continue  to 
exhibit  the  two  activity  regions,  the  shape  of  curves  is  markedly 
different  (see  Fig.  5b  and  c).  Thus,  the  area  under  the  lower  poten¬ 


tial  peak  increases  as  the  thermal  treatment  is  intensified.  This 
reflects  an  increase  in  Mn3+  content,  which  is  consistent  with  the 
increase  in  unit  cell  dimension  and  the  release  of  oxygen.  Based 
on  the  peak  area,  the  average  oxidation  state  of  Mn  was  3.86  for 
S-800-5  and  3.77  for  S-900-24.  These  values  are  closer  to  those 
determined  from  the  stoichiometry  as  derived  from  the  weight  loss 
data  (see  Table  1 ).  On  the  other  hand,  the  peaks  in  the  high-voltage 
region  are  broader  and  more  ill-defined.  In  fact,  the  oxidation  pro¬ 
cess  goes  beyond  5.0  V,  which  is  the  upper  cutting  voltage.  This 
behavior  is  illustrative  of  the  sluggish  kinetics  of  lithium  release  and 
may  be  associated  to  an  increased  particle  size  or  cation  disorder, 
judging  by  the  increased  in  the  inverse  spinel  component.  In  fact, 
Talyosef  et  al.  [33]  found  a  similar  behavior  in  microparticles  but 
reported  no  structural  data  for  the  location  of  lithium.  The  shape  of 
the  discharge  curves  exhibited  similar  changes:  an  increase  in  the 
intensity  of  the  lower  voltage  peak  and  an  ill-defined,  broad  sig¬ 
nal  in  the  higher  voltage  region.  On  further  cycling,  splitting  of  the 
high-voltage  peak  was  better  resolved  and  revealed  a  faster  kinetics 
for  the  electrochemical  reaction.  As  shown  below,  this  also  reflected 
in  the  galvanostatic  measurements. 

The  electrochemical  performance  of  the  three  spinels  (S-800-0, 
S-800-5  and  S-900-48)  was  determined  from  galvanostatic  mea¬ 
surements  made  over  a  wide  range  of  charge/discharge  rates  (from 
C/4  to  4C)  at  cycling  voltages  from  3.5  to  5.0  V.  In  order  to  acquire 
a  better  understanding  of  the  electrochemical  behavior  at  high 
temperatures  (50  °C),  we  extended  measurements  to  room  tem¬ 
perature  (25  °C).  Fig.  6a-c  shows  selected  charge/discharge  curves 
recorded  at  the  latter  temperature  at  C/4  in  various  cycles.  The 
overall  shape  is  consistent  with  that  of  SPES  curves,  with  two 
pseudo-plateaux  at  ca.  4.0  and  4.6  V  which  can  be  assigned  to 
the  Mn3+/Mn4+  and  Ni2+/Ni4+  redox  couple,  respectively.  The  best 
definition  of  these  two  regions  of  electrochemical  activity  with 
cycling  was  observed  in  the  spinels  S-800-0  and  S-800-5,  where, 
as  with  sample  S-900-48,  the  discharge  curve  was  strongly  polar¬ 
ized  in  the  first  few  cycles.  The  charge/discharge  curves  obtained 
on  further  cycling  exhibited  a  shape  consistent  with  the  electro¬ 
chemical  behavior  of  the  spinels.  Fig.  7a-c  shows  the  variation 
of  the  discharge  capacity  as  a  function  of  number  of  cycles.  The 
results  for  the  nanometric  spinel  S-800-0  were  consistent  with 
the  expected  behavior:  a  slight  influence  of  the  charge/discharge 
rate  on  the  delivered  capacity  and  good  capacity  retention  on 
cycling.  By  contrast,  the  capacity  delivered  by  spinel  S-800-5  and, 
especially,  S-900-48,  was  strongly  dependent  on  the  particular 
charge/discharge  rate.  The  highest  capacity  was  that  for  sample  S- 
800-5  at  C/4  and  amounted  to  ca.  100  mAh  g-1 ,  which  is  somewhat 
lower  than  the  calculated  value  obtained  on  the  assumption  that 
all  lithium  was  removed  from  tetrahedral  positions  (118  mAhg-1 ). 
This  is  consistent  with  the  fact  that  the  charge/discharge  curves 
largely  retained  their  shape  on  cycling  (see  Fig.  6b).  The  capacity 
value  decreased  as  current  density  increased.  This  was  especially 
so  for  sample  S-800-5  at  4C  and  for  S-900-48  at  both  C/4  and 
2C.  The  latter  sample  exhibited  negligible  capacity  at  4C.  The  low 
capacity  values  obtained  in  the  first  cycle  are  consistent  with  the 
shape  of  the  SPES  (Fig.  5c)  and  charge/discharge  curves  (Fig.  6c), 
and  reflect  the  sluggish  kinetics  of  the  electrochemical  reaction 
by  effect  of  the  increased  particle  size  and  the  resulting  increase 
in  the  reaction  path  for  removing  and  inserting  lithium.  Subse¬ 
quently,  the  capacity  gradually  increases  and  eventually  levels  off 
on  prolonged  cycling.  Under  these  conditions,  the  two  pseudo¬ 
plateaux  assigned  to  the  redox  reactions  were  clearly  apparent. 
A  somewhat  different  behavior  was  observed  at  50  °C.  Fig.  8a-c 
shows  selected  charge/discharge  curves  recorded  at  C/4  in  various 
cycles.  Under  these  conditions,  only  the  curves  for  sample  S-800- 
0  seemed  strongly  polarized  after  the  first  few  cycles,  with  hardly 
any  signs  of  lithium  insertion/deinsertion  (Fig.  8a).  The  curves  for 
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Fig.  8.  Charge/discharge  curves  recorded  at  50  °C  at  C/4  for  samples  (a)  S-800-0,  (b)  S-800-5  and  (c)  S-900-48.  The  number  of  the  cycles  is  shown. 


Fig.  9.  Variation  of  specific  capacity  as  a  function  of  the  number  of  cycles.  Galvanostatic  tests  conducted  at  50  °C.  (a)  S-800-0,  (b)  S-800-5  and  (c)  S-900-48.  Rate:  C/4  (black 
square);  2 C  (red  circle);  and  4C  (blue  triangle).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 


the  other  two  samples  retained  the  pseudo-plateaux  assigned  to 
the  two  redox  couples.  In  other  words,  the  cell  made  from  sample 
S-800-0  degraded  faster  than  did  those  made  from  S-900-48.  This 
can  be  more  readily  seen  in  Fig.  9a-c,  where  the  capacity  values 
are  plotted  against  the  number  of  cycles.  As  can  be  seen,  the  nano¬ 
metric  sample  (Fig.  8a)  exhibited  an  initial  capacity  of  100,  80  and 
70  mAh  g-1  at  C/4, 2 C  and  4C,  respectively;  these  values  are  compa¬ 
rable  to  those  obtained  at  room  temperature.  However,  the  capacity 
faded  on  cycling,  the  decrease  being  especially  pronounced  at  the 
lower  charge/discharge  rates,  where  a  pronounced  decrease  in  cell 
voltage  was  observed  after  the  first  few  cycles  (Fig.  8a).  The  decline 
in  capacity  retention  can  be  associated  with  the  diminished  spinel 
stability  under  these  conditions.  It  seems  rather  plausible  that  an 
increase  in  temperature  may  not  only  increase  lithium  mobility,  but 
also  increase  the  electrolyte  reactivity,  thereby  also  increasing  the 
likelihood  of  active  particles  being  attacked  and  dissolved  by  the 
electrolyte. 

The  micrometric  sample  S-900-48  behaved  quite  differently 
(see  Fig.  6c).  Thus,  at  C/4  it  delivered  a  capacity  of  95  mAh  g-1  after 
the  third  cycle  and  retained  most  of  it  after  50  cycles.  This  can  be 
ascribed  to  an  increased  stability  of  micrometric  particles  on  pro¬ 
longed  contact  with  the  electrolyte  (e.g.  at  low  rates).  However, 
increasing  the  charge/discharge  rate  detracted  from  performance 
in  the  cell  made  from  micrometric  particles,  particularly  as  regards 
the  capacity  delivered  in  the  first  few  cycles  (only  18  mAh  g-1  at  4 C). 
In  any  case,  the  temperature  was  clearly  influential  since  the  capac¬ 
ity  measured  at  room  temperature  under  this  regime  was  negligible 
(see  Fig.  5c).  Similarly,  the  capacity  tended  to  increase  on  further 


cycling,  but  the  number  of  cycles  needed  was  smaller  at  high  tem¬ 
peratures,  which  is  indicative  of  an  increased  lithium  mobility.  This 
was  especially  so  at  4 C,  where  the  capacity  in  the  50th  cycle  was 
around  60  mAh  g-1  and  close  to  that  obtained  at  2 C.  In  any  case, 
these  values  are  lower  than  those  measured  at  C/4. 

The  increased  capacity  obtained  on  cycling  at  a  high 
charge/discharge  current  density  can  be  explained  by  assum¬ 
ing  large  particles  to  require  a  long  enough  time  for  the 
electrode-electrolyte  interface  to  reach  their  inside.  Once  a  cer¬ 
tain  portion  of  particles  was  accessible  to  the  electrolyte,  capacity 
retention  was  quite  good.  At  high  rates,  however,  the  capacity 
was  far  from  that  calculated  from  the  formula,  which  means  that 
the  portion  of  particles  inaccessible  to  the  electrolyte  was  still 
substantial.  This  suggests  that  the  electrode-electrolyte  interface 
was  virtually  immobilized  once  the  soaking  thickness  became  sig¬ 
nificant.  The  coating  may  act  as  a  kinetic  barrier  hindering  the 
electrode-electrolyte  interface  progress.  With  micrometric  parti¬ 
cles  (4-6  |jim  in  our  case)  lithium  ions  have  to  travel  long  distances 
and,  only  if  the  charge/discharge  current  densities  are  low,  the  inter¬ 
face  can  progress  and  considerably  affect  the  particles.  When  the 
current  density  increases,  the  interface  advance  is  slower  than  the 
electron  flux  supplied  by  the  current  and  the  delivered  capacity 
is  low.  Under  these  conditions,  several  cycles  are  needed  for  the 
soaking  layer  to  reach  a  certain  thickness  and  hence  the  increased 
capacity  observed.  Reducing  particle  size,  and  hence  the  path 
length  traveled  by  lithium,  decreases  the  influence  of  the  kinetic 
barrier  and  the  capacity  values  and  cycling  properties  conform  to  a 
more  conventional  pattern. 
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Sample  S-800-5,  which  consisted  of  submicrometric  particles, 
exhibited  the  best  electrochemical  performance  at  high  temper¬ 
atures  (50 °C,  Fig.  6b).  The  increased  lithium-ion  mobility  was 
especially  apparent  at  high  rates,  where  the  highest  capacity  was 
reached  after  the  first  few  cycles.  Seemingly,  this  spinel  combines 
the  strengths  of  nano  and  micrometric  spinels.  Thus,  not  only  did 
it  exhibit  the  good  initial  capacity  typical  of  nanoparticles,  but  also 
it  maintained  the  excellent  capacity  retention  of  the  micrometric 
sample  (Fig.  6c).  The  capacity  values  obtained  after  the  first  few 
cycles  at  the  three  rates  were  quite  similar  (around  90  mAh  g-1); 
also,  capacity  retention  after  50  cycles  was  close  to  90%. 

One  interesting  inference  from  the  previous  results  is  the  strong 
influence  of  particle  size  on  the  electrochemical  activity  of  the 
spinel  relative  to  other  factors  such  as  the  presence  of  oxygen  vacan¬ 
cies  or  the  metal  ion  distribution  in  lattice  positions.  In  fact,  there  is 
no  clear  relationship  of  such  structural  characteristics  with  electro¬ 
chemical  activity.  Only  particle  size  (nanometric,  submicrometric 
or  micrometric)  thus  seems  to  govern  the  electrochemical  activity 
of  the  spinels.  In  this  respect,  it  is  somewhat  surprising  that  spinels 
with  a  high  Mn3+  content  exhibit  good  electrochemical  properties 
(particularly  at  high  temperatures).  The  synthetic  method  used, 
which  provides  particles  of  appropriate  uniform  size  and  a  high 
crystallinity,  may  account  for  the  high  stability  of  these  spinels 
under  such  drastic  experimental  conditions. 

Fig.  10  shows  the  coulombic  efficiency  of  the  three  spinels  cycled 
at  50  °C.  As  can  be  seen,  it  tended  to  approach  100%  on  cycling 
in  all  cases.  Flowever,  there  were  some  differences  worth  noting. 
Thus,  the  lowest  values  were  obtained  with  the  cells  made  from 
the  S-800-0  spinel,  which  exhibited  the  worst  cycling  properties. 
The  values  for  S-900-48  were  somewhat  higher  than  those  for  S- 
800-5  over  the  first  ten  cycles.  Flowever,  the  capacity  delivered  by 
the  former  spinel  was  quite  low.  Therefore,  based  on  cell  capacity, 
rate  capability  and  coulombic  efficiency,  the  spinel  consisting  of 
submicronic  particles  is  the  best  for  use  as  a  cathode  material  in 
lithium  cells. 

4.  Conclusions 

Lithium-containing  spinels  are  gaining  interest  in  the  field  of  Li 
ion  batteries.  LiNio.5Mn1.5O4  is  one  spinel  with  a  promising  future 
in  this  field,  particularly  for  the  production  of  a  new  generation 
of  Li-ion  batteries  of  higher  energy.  As  shown  in  this  work,  the 
incorporation  of  a  polymer  (PMMA)  into  a  simple  synthetic  method 
previously  developed  by  our  group  [21  ]  allows  particle  growth,  and 
hence  particle  size,  to  be  accurately  controlled  in  order  to  ensure 
adequate  battery  performance.  Electrochemical  properties  were 
examined  over  a  wide  range  of  charge/discharge  rate  (C/4,  2C  and 
4C)  and  at  two  different  temperatures  (room  level  and  50  °C).  The 
latter  temperature  can  easily  be  reached  by  large  batteries  such 
as  those  used  in  hybrid  electric  vehicles.  At  high  temperatures, 
the  best  performance  was  obtained  with  the  spinel  prepared  as 
particles  of  submicronic  size.  With  this  particle  size,  the  spinel  is 
quite  stable  against  the  attack  of  the  electrolyte  and  maintains  the 
retention  capacity  of  micrometric  particles  at  low  charge/discharge 
rates.  On  the  other  hand,  the  path  length  for  lithium-ion  diffusion 


is  shorter  than  with  micrometric  particles,  which  allows  cells  to 
respond  to  high  rates.  Other  structurally  related  properties,  such 
as  cation  arrangement  or  oxygen  content  seemingly  have  a  minor 
influence. 
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